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We report results from a five shot campaign carried out with Ar-Xe gas-filled targets at the National Ignition
Facility (NIF). The targets were shot with = 350 kJ of 3w laser energy delivered with a 5 ns trapezoidal
laser pulse. We report measured x-ray output from the target in different spectral bands both below and
above 1.5 keV photon energies: we find yields of ~20.5 kJ/sr with peak x-ray power approaching 4 TW /sr
over all energies, as measured for the unique viewing angle of our detector, and ~3.6 kJ/sr with peak x-ray
power of 1 TW/sr for x rays with energies >3 keV. This is a laser-to-x-ray conversion efficiency of 13+1.3 %
for isotropic x rays with energies >3 keV. Laser energy reflected by the target plasma for both inner and
outer-cone beams is measured and found to be small, between 1-4% of the drive energy. The energy emitted
in hard x rays (with energies >25 keV) is measured and found to be a1 J/sr. Two-dimensional imaging of
the target plasma during the laser pulse confirms a fast, volumetric heating of the entire target, resulting
in efficient laser-to-x-ray conversion. Post-shot simulations with a two-dimensional radiation-hydrodynamics
code reproduce well the observed x-ray flux and fluence, backscattered light, and bulk target motion.

supersonically through the target®® and efficiently ionize

Bright, multi-keV x-ray sources are needed for imag-
ing and radiography applications'®. Large, homoge-
neous sources are useful for area backlighters, and very
bright sources can be apertured for point-projection
backlighters® 7. High x-ray fluence sources across a range
of x-ray energies are needed for studies of x-ray interac-
tion with materials® ''. Maximizing the laser-to-x-ray
conversion efficiency (CE) and tuning the spectral con-
tent of the x-ray source are crucial to satisfying the re-
quirements of any backlighter or material-interaction ap-
plication.

During the last decade, many research groups have
been developing bright, multi-keV x-ray sources!'? 24,
The goal has been to create millimeter-scale, homoge-
neous, keV-scale-temperature plasmas that are efficient
laser-to-x-ray converters. Much of the work has focused
on producing underdense plasmas, defined as plasmas
with electron density below 0.25n.., where n.,. is the
critical density for laser light of wavelength A, n. =
1.1x10%1 /A2 for X in microns. When the x-ray-emitting
plasma is underdense, the laser can propagate (nearly)
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the target material thus efficiently producing x-ray emis-
sion. In Back et al.'*, a prediction was made that for
large laser powers (> 60 TW), laser-driven multi-keV x-
ray sources achieve a new regime of double-digit laser-to-
x-ray conversion efficiencies for photon energies greater
than ~5 keV (see Fig. 4 in Ref.14). The calculations that
support this prediction of enhanced CE relied on large
target volumes that contain sufficient numbers of emit-
ting ions.

In the intervening years, calculations have shown that
the multi-keV emissivity of highly charged mid- and high-
Z ions in these plasmas is a strong function of tempera-
ture, with a different optimum temperature in different
spectral bands?®. As a result of the limited energy avail-
able at most laser research facilities, the plasma temper-
atures achievable have not necessarily been matched to
the peak multi-keV x-ray emissivity. In this paper, we
present the first demonstration of the National Ignition
Facility’s2"2® ability to generate multi-keV x-ray fluxes;
these results are the largest ever multi-keV x-ray yields
from laser-heated targets, which confirms reaching a new
regime of high CE’s for multi-keV x-ray sources.

Il. EXPERIMENTAL SET-UP

The National Ignition Facility (NIF) is a 192-beam
laser system?® now operating at the Lawrence Livermore
National Laboratory. The facility was dedicated on May
29th, 2009. The facility is capable of delivering up to
1.8 MJ of ultraviolet (351 nm) laser energy to mm-scale
targets at the center of a 10 m diameter target chamber.



In October and November 2009, a series of five shots were
fired that characterized NIF’s capability for producing
ultra-low-debris, high-flux and high-fluence cold (ener-
gies < 10 keV) x-ray environments. The targets were
driven with up to 75 TW of laser power (350 kJ of 3w
laser energy delivered in a 5 ns modified-flat-top pulse).

A. Target Description

The target design for the current experiments builds
on experience at the Nova?? and Omega3? laser facilities
using modeling and simulation tools that have been vali-
dated against experiments'? 24, The desired x-ray source
characteristics for the present experiments were: a) sig-
nificant multi-keV x-ray output with energies >3 keV, b)
x-ray pulse width of order 5 ns, and c¢) x-ray rise-time of
order 1 ns or longer. The final target design was a re-
sult of a series of scoping calculations extrapolated from
previous designs3! to NIF scale in target volume, laser
pointing and focusing, assuming an input laser power of
order 70 TW.

The targets for these experiments were thin-walled
(25 pm), 4 mm long, 4 mm inner-diameter epoxy
(C40H51N207, p=1.185 g/cm?) pipes designed to trans-
mit x rays in the 1-10 keV spectral band. Both side-
on and end-on views of the gas-pipe target, includ-
ing the mounting stalk and the fill lines, are shown in
the photographs in Fig. 1. Also shown are the thin
(3500 A) polyimide windows across the laser entrance
holes (LEHs). The windows were attached to 6.1 mm
outer diameter washers that are visible in Fig. 1; when
the gas pipe and washers are assembled, the total length
of the assembly is 4.4 mm. The pipes were filled with 1.2
atm of an Ar:Xe (65:35) mixture, which was chosen to
produce (i) multi-keV x rays with energies >3 keV, and
(ii) to create a plasma with an electron density ~ 0.1n.,,
assuming an ionization state of Xe** and Ar!'"* dur-
ing the shot. (These ion charge states are predicted in
our pre-shot point-design simulations.) The atom density
in the target plasma is computed as nZ:(NZ/V):%—f,
where nyz is the number density of element Z (Z=>54 for
Xe and 18 for Ar), Nz is the number of atoms of element
Z, fz is the fraction of atoms of element Z in the target
gas fill, V' is the target volume, P is the target pressure,
R is the ideal gas constant, and T is the pre-shot temper-
ature of the target gas in Kelvin. The electron density is
then found by n.=Yz < ¢ > nyz, where < ¢ > represents
the average ion charge on an atom of element Z, and the
sum is over all elements present. The gas-pipe targets
had fill pressures that were measured to be within 1% of
the requested pressure at shot time.

B. Laser Energy and Power

For all irradiation configurations used in the present
experiments, we used =~ 350 kJ of 3w energy to drive

our targets, see Fig. 2. Tt can be seen that the delivered
energy consistently matched the requested energy. The
shot-to-shot variation was better than 2%, except for the
case where we had to drop one bundle of eight beams
right before shot N091104.

For these experiments, we created a custom pulse
shape for the 3w power at target chamber center (TCC).
As was indicated by the pre-shot design simulations?®!,
the emitted x-ray power closely tracks the laser power
(see Sec. IITA). Therefore, to have a nanosecond rise
time in the x-ray power emitted from the target, we re-
laxed the natural rising edge of the NIF laser power to
1 ns from ~ 150 ps. In addition, to have the x-ray output
from the target for x rays with energies >3 keV to have
at least a 3 ns full width at half maximum (FWHM) or
a total 6 ns shine time, we requested a laser pulse shape
with a relaxed, linear rise in the laser power over 1 ns,
and a 4 ns flat top with nearly constant laser power of
~74 TW. This requirement for a relaxed ramp in the
laser power results in less efficient operation of the NIF
frequency conversion crystals (KDP, or potassium dihy-
drogen phosphate) that take the 1w fundamental light to
the 3w final wavelength. Thus, this pulse shape resulted
in increased lw energy, which put our experiments near
the facility’s limits on energy to avoid initiation of dam-
age sites in the laser optics. Figure 3 shows our requested
laser power and the delivered laser power for the four
shots in this campaign that delivered the full requested
energy.

C. Laser Pointing and Beam Smoothing

The NIF laser beams enter the chamber in four cones
that have azimuthal symmetry around the vertical axis
of the target chamber (which is also the target’s axis, see
Sec. ITA). The beam cones propagate to TCC with an-
gles of 23.5°, 30°, 44.5°, and 50°. Half the beams in each
cone come from the top of the NIF target chamber, while
the other half come from the bottom. The 23.5° and 30°
beams collectively are referred to as “inner cone” and the
44.5° and 50° beams are collectively referred to as “outer
cone”. We had two laser-irradiation configurations of our
targets in the present experiments, one which used 132
beams, the other used 112 beams.

1. 128+4 beam configuration

In the first configuration, we used a total of 132 beams,
with all 128 outer cone beams (64 at 44.5°, split evenly
from the top and bottom of the chamber, 64 at 50°,
split evenly from top and bottom), and four 30° beams.
This 128+4-beam configuration was used for one shot
(N091012-003-999). We overlapped the outer cone beams
at the LEHs of the target creating an overlap intensity for
64 outer-cone beams at each LEH of ~ 3.2x10' W /cm?.
Shown in Fig. 4a is a model of the laser intensity on the
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FIG. 1. (color online) Side-on (left) and face-on (right) views of the thin-walled gas pipes used as x-ray source targets in the
present experiments. Cartoon laser beams are drawn in the side-on view showing how the 30°, 44.5° and 50°-cones were pointed

with respect to the target’s axis and laser-entrance holes.
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FIG. 2. (color online) The required (blue line) and delivered
(red circles) 3w laser energy for each of the five shots in our
campaign. The error bars on the required energy represent
a +5% deviation from the requested laser energy that was
what we considered the maximum tolerable deviation. Only
one shot, N091104, was outside the £5% range due to the
need to drop one bundle (eight beams) just prior to the shot.

target’s mid-plane from the full compliment of 128-outer-
cone-beams pointed to the LEH. (The intensity that re-
sults from the model is an overestimate since it does not
account for energy absorbed from the beams in the tar-
get gas.) In this configuration, the illumination produces
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FIG. 3. (color online) The requested (red, dashed) and de-
livered (solid) 3w laser power to the x-ray source targets at
TCC for four of the full-power shots in this campaign.

a uniform band around the target’s mid-plane. For the
128+4-beam configuration, we also ran four 30° beams
in order to measure backscattered light from these inner-
cone beams. These four beams (Quad 31B) were pointed

to a position on the target’s axis 1.3 mm outside the
LEH.
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FIG. 4. (color online) (a) azimuthal map of the 128 outer-cone beams’ laser intensity on the target’s mid-plane in the 128+44-
beam-configuration, and (b) azimuthal map of the 112-beam-configuration laser intensity on the target’s mid-plane. In the
maps, the axial coordinate of the gas-pipe target runs (from -2 mm to +2 mm) along the bottom of each image, and the
azimuthal coordinate, from 0 to 360 degrees, runs up the side of each image.

2. 112 beam configuration

The second configuration used a total of 112 beams,
all 32 of the 30° beams, split evenly from the top and
bottom of the chamber, and 80 beams from both sets of
outer-cone beams (predominantly the 50° cone), with 40
each from the top and bottom of the chamber. This con-
figuration was used for the remaining four shots in this
campaign, although in one shot (N091104-002-999) the
eight outer-cone beams of bundle 36 were dropped. In the
case of the 112 beam configuration, the outer-cone beams
were pointed to a position on the target’s axis that was
0.5 mm inside the LEH, while the inner cone beams were
pointed on the target’s axis 1.3 mm outside the LEHs
(see cartoon beams in Fig. 1). This results in an overlap
intensity at the LEH of 2 2.5x10'% W/cm?. Shown in
Fig. 4b is a map of the laser intensity on the target’s mid-
plane for the 112-beam configuration. In the 112-beam
configuration, there are two clusters of intensity, with a
small asymmetry between them. The different symme-
tries in laser drive for the 12844~ and 112-beam config-
urations manifest themselves in two-dimensional images
of the targets during the experiments (see Section III D).

3. Beam smoothing techniques

In order to minimize the variation in intensity across
the focal spot of each beam, three beam-smoothing
techniques were employed for these shots. Continuous

CPP name Beam cone angle  Spot size
(deg.) (mm X mm)
Rev_1_inner 30 0.824 x 0.590
Rev_3 44.5 0.635 x 0.367
Rev_1_outer 50 0.593 x 0.343

TABLE I. Table of continuous phase plate (CPP) parameters
used in the current experiments. Columns are CPP name,
the beam cone angle (relative to the target-chamber axis) in
which the CPPs were used, and the major and minor radii for
the resulting elliptical spot.

phase plates (CPPs), which expanded the focal spots
and smoothed the intensity distribution within the spot,
were installed in each beam line. The resulting ellipti-
cal beam spots are given for each cone of beams in Ta-
ble I. We also applied 45 GHz of smoothing by spectral
dispersion (SSD) bandwidth to the seed pulse from the
master oscillator. Additionally, we had differential polar-
ization rotation crystals in the beam paths, which sep-
arated orthogonal polarizations in each beam, dispersed
them, then overlapped them at the position of best fo-
cus, which resulted in an additional v/2 reduction in the
intensity variation across the NIF laser spots.




D. Diagnostics

Multiple facility diagnostics were used to measure the
energy balance in plasmas created in the gas targets dur-
ing these experiments. Emitted x-ray flux, reflected laser
energy, and hard x-ray emission created by hot electrons
were all measured, along with the incident laser power.
In this section, we describe the diagnostics used.

1. Dante-1 and Dante-2

The Dante-1 and Dante-232 are 18 channel filtered
diode arrays which are installed at the NIF laser facility.
These systems provide spectrally and temporally resolved
absolute radiation flux measurements from the gas-pipe
targets used in these experiments. The spectral coverage
and resolution depend upon the combination of filters,
mirrors and x-ray diodes (XRDs) chosen for each chan-
nel. Typically the Dantes can record emission from 100
eV to 10 keV with spectral resolution (E/AE) of 5 to 10.

Each Dante has a different view of the target as shown
in Figure 5. The Dante-1 is positioned at § = 143° and
¢ = 274°, the Dante-2 is positioned at § = 64° and ¢ =
350°. These locations give Dante-1 and Dante-2 a view of
the target at 37° and 64°, respectively, from the target’s
cylindrical axis. The Dantes are located 8.8 m from the
center of the target chamber.

For these shots Dante-1 had 18 channels with configu-
rations given in Table II for shot N091104. Dante-2 had
only 16 active channels and was limited by the number
of available digitizers. Its configuration is similar to that
of Dante-1. The other four shots had slightly different
configurations but basically the same spectral coverage.
The Dantes were configured to record emission from 100
eV through 8 keV. Each Dante channel was configured
with a different set of filters, mirrors and XRD detec-
tors which optimized their coverage for the gas targets.
The central energy of each channel is shown in the ta-
ble, along with the FWHM of the coverage of the chan-
nel. Since the gas targets produced significant Xe L-band
emission, channel components were choosen to optimize
spectral coverage between 4 - 8 keV. These included the
Ti, Fe and Zn filtered channels. A CaF, filter set was
used in each Dante to record the Ar K emission around
3 keV. Where possible, each Dante was configured with
an identical channel. This was not always possible since
the configurations needed to be compatible with other
concurrent experiments.

The data were recorded on SCD5000’s for Dante-1 and
FTD10000’s for Dante-2. The scopes were operated with
either a 25 ns or a 50 ns total sweep. With a total
record of 1024 points, a data point was recorded every
24.4 or 48.8 ps. The ultimate temporal response of the
Dante is ~200 ps, which is limited by the response of the
XRDs and the response of the long cables that connect
the XRDs to the data recorders.

The absolute flux measurements are possible since each

Dante channel is absolutely calbrated. Each Dante com-
ponent (e.g. filters, mirrors and XRDs) was individually
calibrated®® at the Brookhaven synchrotron facility. For
each channel, the response of each component in that
channel was then convolved together to produce a re-
sponse function in GW/V as a functon of photon energy
from 0 to 20 keV. The error on the calibration of each
channel varies from 10 - 20 %. The spectra at each time
point are determined from the response function, the ef-
fective source size and an unfold algorithm applied to
the recorded voltages from each channel®*. The flux at
a given time point is the sum over each spectrum. For
Dante-1 and 2 the effective source sizes were 19.65 mm?
and 19.89 mm?, respectively, which is the projected area
of the target cylinder wall and end cap as viewed by each
Dante.

2. FABS and NBI

The full-aperture backscatter station (FABS) on NIF
uses streaked spectrometers, fast and slow photodiodes,
near-field cameras, and time integrated spectrometers to
measure independently the characteristics of both the
stimulated Brillouin backscattered (SBS) and stimulated
Raman backscattered (SRS) light for each of four inci-
dent laser beams®>3%. The FABS has been designed to
measure both SBS and SRS backscattered energies be-
tween 5 J and 5 kJ (total) to within an uncertainty of
18% at the highest energies. The SBS spectra are mea-
sured within a wavelength range of 348-354 nm with a
resolution of 0.03 nm, while the SRS spectra are mea-
sured over a range of 430-760 nm with a 2.5 nm resolu-
tion. Both spectral measurements have a temporal reso-
lution of about 200 ps over a 40 ns time window. Also, a
near backscattering imaging (NBI) diagnostic system has
been implemented on two quads of NIF beams?6:37. This
diagnostic images a flat Lambertian scattering surface
inside the target chamber that is mounted around the
four beams of a quad spanning angles corresponding to
approximately an f/2.5. This instrument quantitatively
measures the backscattered light outside of the focusing
cone angle of incident laser beams with an ~3 mm spa-
tial resolution. To account for changes of the system
throughput due to exposure to target debris the system
is routinely calibrated in situ at 532 and 355 nm using a
dedicated pulsed laser source.

3. FFLEX

Hard x-ray signals (hv > 25 keV) are measured with
the NIF’s filter-fluorescer (FFLEX) diagnostic system3®.
The FFLEX channels can be configured to measure x-
rays at various energies with a narrow bandpass. Pho-
tons from laser-driven experiments are collimated and al-
lowed to pass through a vacuum window before they pass
through a prefilter. After they are filtered the photons



Dante-1 view

Dante-2 view

FIG. 5. (color online) (left) Dante-1 view of gas pipe target at 37° with respect to the target’s (chamber’s) axis, (right) Dante-2
view of gas pipe target at 64° with respect to the target’s (chamber’s) axis .

Channel Filter Number XRD Ta Grid Mirror Energy Range (eV) Solid Angle
1 0.75um Al x2 Cr - B4C 7° 62.5+£5.9 5.98e-7
2 0.2pm B/0.4pum Lexan x4 Al - aC 5° 166.5+14.2 5.88e-7
3 2um Lexan x2 Al - SiO4 3.5° 249.2+23.0 5.74e-7
4 lum V x2 Ni - Si02 2.5° 470.7+27.4 5.56e-7
5 12pum Ni x2 Cr - - 7331.94+646.4 6.490e-7
6 0.6um Cu x2 Cr 0.091 - 825.14+70.8 6.490e-7
7 0.65 pm Zn/0.1p CH x2 Ni 0.091 - 942.1+£49.2 6.490e-7
8 5.5um Mg x3 Ni 0.091 - 1146.0£100.9 6.490e-7
9 5um Al x3 Ni 0.091 - 1357.94£130.9 6.490e-7
10 11pum Si x2 Al - - 1711.1£78.2 6.490e-7
11 7 um CaFs/1pm parylene x3 Al - - 3136.1+£313.6 6.490e-7
12 25pum Saran x3 Al - - 2550.8+£181.0 6.490e-7
13 2.5um Ag x2 Al - - 3003.8+£230.8 6.490e-7
14 11pm Ti x2 Al - - 4107.5£410.8 6.490e-7
15 15pum Fe x2 Ni - - 6171.6+616.3 6.490e-7
16 25pum Zn x1 Ni - - 8995.2+380.3 6.490e-7
17 250pm Al x1 Ni - - 14451.941445.2 6.490e-7
18  1.0pm Fe/0.65um Cr/5um parylene — x1 Ni  0.091 - 3647.24+364.7 1.773e-6

TABLE II. Configurations of Dante-1 for shot N091104. Columns are: the channel number, the filter(s) present in the channel,
the number of each type of filter present, the type of XRD used, the transmission of a Ta wire grid if present, a soft-x-ray
mirror (with angle of grazing incidence) if present, the energy range over which that channel had sensitivity, and the solid angle

subtended by that channel.

cause the fluorescer foil to fluoresce. The fluorescence
photons are then filtered before they are converted to
visible light in a scintillator 9at the input of the photo-
multiplier tube (PMT)) and detected by the PMT. The
PMT output is amplified by the preamplifier and dis-
played on an oscilloscope. In the current configuration
the low energy x rays are limited by the NIF vacuum win-
dow thickness requirements, therefore there is no need to
operate the system under vacuum.

4. GXD

The volumetric emission was imaged during the heat-
ing of the target by the NIF laser on shots N091012 and
N091104. A simple pinhole camera geometry was used
to record 16 x-ray images of the target from a side-on
view 90° from the target cylindrical axis. The pinhole
camera snout was mounted to one of NIF’s Gated x-ray
Detectors (GXD)3? in one of the equatorial diagnostic in-
strument manipulators (DIM 90-315). The GXD is a four
strip micro-channel plate (MCP) x-ray detector which is
coupled to a CCD camera. Fach strip can be indepen-
dently timed so the temporal evolution of a target can
be obtained. The width of the gating pulse in the x ray



was ~100 ps and sets the time duration of each recorded
image. The timing of each GXD strip was 0.86, 1.78, 2.73
and 3.30 ns after t¢ for shot N091012 and 0.80, 1.87, 2.98
and 4.08 ns for shot N091104. This timing was referenced
from the center of the MCP. The transit time across the
plate of the electrical pulse was ~250 ps. The errors on
the strip timing are +4 ps for strip 1, +4 ps for strip 2,
436 ps for strip 3 and 424 ps for strip 4. The spatial
resolution of the MCP/CCD system is about 75 pm and
defines the resolution of the recorded images.

The image snout had a magnification of 1x. The dis-
tance from the source to the pinholes was 640 mm and
was equal to the distance from the pinholes to the MCP.
The 16 pinholes were 25 pym in diameter and mounted in
a square configuration. Each pinhole produced a single
image on the MCP. Four images were recorded on each of
the MCP strips. Two of the GXD images on each strip
were filtered with 35 um of Ti which recorded the image
in the 4-5 keV spectal band. The other two images on
each strip were filtered with 25 pym of Fe, so these images
were taken in x rays with energies of 6-7.1 keV. The gain
of the MCP varies across the surface by about a factor of
2. The different filerting not only allowed imaging of the
target in different spectral bands but also adjusted the
flux on the MCP to be roughly the same for each image.
For shot N091012, it was discovered that the filters had
been reveresed for this shot due to a manufacturing error.
Therefore, there was roughly a factor-of-four difference in
intensities between the two sets of images. The data were
still very good. The filter problem was corrected for shot
N091104, which produced excellent images.

IIl. RESULTS
A. X-Ray Flux and Fluence

Table ITT summarizes the measured energy in three
spectral ranges from the five targets shot in this cam-
paign. The emitted yield is reported for all x-ray en-
ergies, x rays with energies >1.5 keV and with energies
>3 keV. The yields reported here (in units of energy per
unit solid angle) are measured with the Dante-1 detec-
tor, which has a view of the target at 37° with respect to
the target’s axis and thus it sees both emission from the
target’s LEH and emission through the target’s wall (see
Fig. 5). The Dante-derived yields are accurate to +10%
at all energies. As was mentioned above, the first shot
(N091012) had only outer-cone laser beams and a dif-
ferent pointing and lower average power per beam than
the other four shots. This laser configuration results in
the lower yield from this target in the >1.5 and >3 keV
ranges relative to the emission over all energies. The
other four shots had the outer-cone beams pointed far-
ther into the target, which results in an enhancement
of the multi-keV radiation relative to the sub-1.5 keV
emission. The trend of higher multi-keV yield with mov-
ing the foci of the outer-cone beams is confirmed in the

simulations for the target output. The table shows the
average emission yields for the three nominally identical
shots with a full compliment of 112 beams and ~350 kJ
of drive energy. The last line of the table presents the re-
sults from a LASNEX31:40 post-shot simulation that uses
the as-shot beam configuration and pointing and the best
available non-LTE atomic model for the emission from
the plasma*!. For both the 12844 and 112-beam con-
figurations, the modeled emission®! is within 5% of the
measurements over all energies, a measurement that is
dominated by the sub-1.5 keV emission from M-shell Xe
ions. The simulations are ~2-13% above the measure-
ments for all emission above 1.5 keV, and ~20-30% be-
low the measurements for x-ray energies >3 keV, a range
that is dominated by the Xe L-shell emission.

Figure 6 shows the spectra that were unfolded from
the Dante-1 measurements for the five shots in this cam-
paign. The features in the Dante spectra are determined
by the Dante channel responses (see § IID 1), not the ac-
tual emission spectrum. The spectra are quite similar in
overall shape, reflecting the reproducibility of the laser
energy delivered to each target. For the case of N091012,
which had a different laser configuration than the other
shots, one can see that the emission in the 4-6 keV range
from Xe L-shell ions is below that for the other shots,
while the sub-1 keV emission is slightly above the other
curves, reflecting the trend seen in Table III. The sup-
pressed emission in the Xe L-shell region means that the
mean ionization state of the Xe ions in the target plasma
was less than for the other four shots. Similarly, the Ar
K-shell emission at ~ 3 keV for shot N091012 is slightly
enhanced compared to the other four shots, which means
that the plasma electron temperature was lower in this
one shot, which resulted in a more favorable ionization
of the Ar ions and a less favorable ionization of the Xe
ions. For the other shots, the plasma temperature was
higher and the Ar K-shell ions were (likely) nearly fully
stripped.

As was discussed in Section II B, specific requirements
on the emitted x-ray power from the target led to the
design of the laser pulse shape we employed. Figure 7
shows the measured x-ray flux in the three spectral ranges
listed in Table III as well as the laser power driving the
target. The relative accuracy in the timing of the laser-
power diagnostics and the Dante diagnostics is better
than 200 ps. One can see that the power emitted over
all x-ray energies tracks the rise of the laser power quite
closely, and remains high for several nanoseconds after
the laser pulse ends. The >3 keV emission, on the other
hand, ramps moderately to its peak value of ~ 0.9 TW /sr
at 4 ns, and declines more rapidly than the all-energies
waveform after the laser pulse ends. The FWHM for the
>3 keV x-ray power is =~ 3 ns. The emitted x-ray power
for shot N091104 is measurably below that of the 112-
beam shots that had the full 350 kJ of drive, consistent
with the 7% lower drive energy in this shot.



All energies > 1.5 keV > 3.0 keV

Shot number Laser Energy beams Yield CE Yield CE Yield CE
(kJ) (kJ/st) (%o/sr) (kJ/sr) (%/st) (kJ/sr) (%/sr)

N091012-003-999 3562.1 132 20.62 5.9 3.61 1.0 2.44 0.7
LASNEX 350 132 20.3 5.8 4.1 1.2 1.9 0.5
N091103-001-999 350.1 112 19.16 5.5 4.87 1.4 3.56 1.0
N091104-002-999 329.4 108  19.85 6.0 4.38 1.3 3.18 1.0
N091110-001-999 353.0 112 2036 5.8 4.81 1.4 3.69 1.0
N091111-001-999 3562.2 112 21.00 6.0 4.63 1.3 3.66 1.0
Average 351.8 20.18 5.7 4.77 1.4 3.64 1.0
LASNEX 350 112 21.2 6.1 4.9 1.4 2.4 0.7

TABLE III. X-ray yields and CE’s per steradian as measured with the Dante-1 detector. Columns are the shot number, the
measured laser energy on target, and then the measured yields and laser-to-x-ray CE across all emitted energies, for x rays
with energies >1.5 keV and with energies >3 keV. Measured x-ray yields are accurate to £10%. Note, average values are only
for shots N091012, N091110, N091111. The specific outputs from post-shot simulations of the Dante-1 view of the target are

listed for each of the two laser configurations.
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FIG. 6. (color) A compilation of x-ray spectra unfolded from
the measured Dante-1 signals. The spectral envelope is re-
markably reproducible, with small deviations due principally
to missing Dante channels. The spectrum for shot N091012 is
below the others in the > 3 keV spectral range due to the dif-
ferent pointing and lower per-beam energy of the outer cone
beams for that shot.

B. Laser Backscatter

Table IV summarizes the energy reflected from one
inner cone and one outer-cone quad of beams during
these experiments. Laser light scattered by electron-
plasma waves, stimulated Raman scattering (SRS), and
by ion-acoustic waves in the plasma, stimulated Bril-
louin scattering (SBS), are measured with the FABS and
NBI systems (see Sec. IID2). The measured levels of
backscatter were small and within acceptable limits for
the these experiments. The backscatter gain exponent
is proportional to the laser intensity, and is a function
of local plasma parameters such as electron temperature
and density*?. The reflected energy is consistently larger
on the outer-cone beams (Q36B) than on the inner-cone
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FIG. 7. (color) Measured x-ray power (left scale) for shots
N091103 (orange) and N091104 (green) for all emitted photon
energies (solid), x-rays with energies >1.5 keV (dash-dot), and
for energies >3 keV (dashed) and the requested and measured
laser power (right scale) for shot N091103. The error bars on
the measured x-ray flux represent the +10% accuracy of the
Dante-1 detector.

beams (Q31B). The phase plates used on the outer cone
(Rev 1 outer CPPs) produce a smaller laser spot than
on the inner cone (Rev 1 inner), leading to an increased
laser intensity and hence, increased backscatter. The to-
tal fraction of scattered energy measured for both quads
in shot N091012 is larger than for the other four shots.
The pointing of the outer cone beams for shot N091012
was at the gas pipe’s LEH (see § IIC1), which results in
a higher laser intensity and the greater outer-cone SRS in
this one shot. For all shots, most of the scattered energy
measured for the outer-cone beams is coming from SRS.

The majority of the SRS-scattered light falls outside
the entrance apertures of the beams in Q31B and Q36B
and onto the calibrated NBI plate, due to refraction of



Inner Quad 31B

Outer Quad 36B

Shot number energy Intensity SRS SBS fscatterea energy Intensity SRS SBS fscattered
(kJ) (10" W/em?) (J) (J) (%) (kJ) (10" W/em?®) (J) () (%)
N091012-003-999 10.69 1.17 100 6 1.0 11.99 2.32 417 18 3.6
N091103-001-999 13.97 1.52 3 27 0.2 13.94 2.70 93 32 0.9
N091104-002-999 13.68 1.49 20 26 0.3 - - - - -
N091110-001-999 13.97 1.52 23 30 0.4 13.93 2.69 123 27 1.1
N091111-001-999 13.83 1.51 17 29 0.3 14.44 2.79 107 28 0.9

TABLE IV. Measured backscattered laser energy for the five shots in this campaign. The columns are shot number, quad
energy for Q31B, the overlap quad intensity at the position of best focus, the measured energy scattered by the SRS and SBS
channels, and the percentage of energy backscattered in both channels relative to the incident laser energy. The same quantities

are then listed for Q36B.

the SRS light inside the target. Figure 8 shows the pat-
tern of the scattered SRS light for three shots that had
the two different outer-cone laser pointings. The images
for the SBS channel are very weak, reflecting the lower
level of reflected energy, and the spatial distribution is
more concentrated around the beam ports than for the
SRS light; the SBS scattered light has nearly the same
wavelength as the incident laser light and therefore un-
dergoes similar refraction in the target, back-tracking the
path of the laser beams.

The spectral shifts and power histories for scattered
SRS light for three shots with both the 128+4- and 112-
beam configurations are shown in Fig. 9. For the two
112-beam shots the SRS light is red shifted by ~290 nm
to 640 nm from the wavelength of the incident laser light;
for shot N091012, the shift is slightly less, ~280 nm.
Note also the presence of a smaller feature in the SRS
spectra near 527 nm that is residual 2w light that is
present in the target chamber. The power of the scat-
tered laser light is not uniform in time, and is seen to peak
~3.5 ns into the laser pulse. Both the spectral peak in,
and the power histories of the scattered light correlate
closely with a laser-plasma interaction calculation (see
Appendix A of Strozzi et al.*3) that post-processed the
as-shot radiation-hydrodynamic simulations; predicted
gain coeflicients are presented in Fig. 10. Detailed analy-
sis of the post-processed simulations shows that the dom-
inant outer-cone SRS backscatter largely comes from the
beams intercepting blow-off plasma from the lip of the
target cylinder that intersects the beam path late in the
laser pulse. The simulated peak SRS gain exponent for
the outer-cone beams comes at ~ 3.5-4.0 ns, and at a
red-shifted wavelength of ~ 640 nm, as seen in Fig. 10,
in good agreement with the data shown in Fig. 9. The
simulated wavelength spread of the back-scattered light,
~ 620 — 700 nm, is also in reasonably good agreement
with the data. Note finally that the peak SRS gain co-
efficients are predicted to emerge at earlier times for the
128+4-beam configuration than for the 112-beam config-
uration, which is consistent with the earlier rise in the
data for N091012 in Fig. 9.

Shot number Tt Th°' energy >30 keV
(keV) (keV) (kJ/sr)
N091012-003-999 15.5 39.2 3.96(-4)

N091103-001-999 12.8 35.3 (
N091104-002-999 13.5 36.4 7.88(
N091110-001-999 13.4 38.7 9.28(-
N091111-001-999 134 38.1 (

TABLE V. Table of FFLEX-determined yields for hot x-ray
energy over the spectral range 30-300 keV. Columns are shot
number, the two temperatures that result from a fit to the
measured data for each shot, and the integrated spectral yield
between 30-300 keV.

C. High-Energy X-Ray Yield

Figure 11 shows the measured signals on the multiple
channels of the FFLEX detector described in Sec. IID 3
for two shots with the two different laser configurations.
The hard-x-ray (i.e., hv >25 keV) data measured by the
FFLEX detector can be described by a two-temperature
fit to the set of channels recorded; the fits for the two
shots shown in Fig. 11 are shown as solid lines. The two
temperatures that come out from the fits, and the total
x-ray energy found by integrating the two-temperature
spectral reconstruction are listed in Table V for all five
shots in this campaign. While the total amount of energy
in the hard-x-ray part of the spectrum is small compared
to the energy measured with Dante, it is reported here
for completeness. The mechanism for the hard x-ray pro-
duction is (most likely) the slowing of high-energy “hot”
electrons on the positively charged Xe and Ar ions in
the target plasma. The hot electrons are likely produced
by the resonant scattering of the laser light from plasma
electron waves. For the type of target described here,
high-energy x-ray backgrounds are likely not a problem
for experiments that hope to apply these sources to di-
agnostic applications.
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FIG. 8. (color) NBI images of the SRS backscattered light taken around the beam ports for Q36B for three shots with two
different beam-pointing configurations. The image on the left is for a shot with the 1284-4-beam configuration, while the other
two had the 112-beam configuration. The energy in the beam quad is higher for the two images from the 112-beam-configuration

shots while the level of backscattered light is lower.
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FIG. 9. (color online) (top) SRS scattered-laser-light spectra for an outer-cone quad of beams for three shots with the two
different beam configurations and (bottom) power history for SRS reflected light (blue curve, right scales) and the laser power
(black curve, left scales) for Q36B. The scattered signal peaks before the end of the laser pulse.

D. Volume Heating

Using the GXD, we recorded 16 images of our x-
ray source target during the laser pulse on two shots,
N091012, which had the 128+4-beam laser configuration,
and N091104, which had 104 beams (the 112 beam laser
configuration with eight beams dropped; the diagnostic
failed to acquire data on the 112-beam shot N091103). A
set of images from each of those shots is shown in Fig. 12.
These GXD images were filtered with 35 um of Ti, so the
images are taken with x-rays with energies 2 3.5 keV.
The upper set of images is from shot N091104, which
has the greater asymmetry in laser intensity when the

beams reach the wall of the target cylinder, and which
had inner-cone beams, while shot N091012 did not. In
both sets of images, one can see emission in the earli-
est frame from the gas in the small volume made by the
polyimide window over the LEH. In the earliest image
for shot N091104, at t=0.8 ns, one can also see the path
of the inner cone beams propagating in the gas, while
in the earliest image for shot N091012, which only had
outer-cone beams, the larger angle with respect to the
target’s axis is apparent. As is shown in Fig. 4, the in-
teraction of the unabsorbed laser energy with the target
wall is spread over a broad, uniform band for the 128+4-
beam configuration, and is more concentrated for the 112
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FIG. 10. (color) Scattering figure generated from post-processing®® the post-shot 350 kJ simulations for each beam-pointing
configuration. Shown for an outer-cone (50°) quad are the predicted gain coefficients for SRS for (left) the 12844 and (right)

112 beam pointing.
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FIG. 11. (color online) FFLEX-measured hard-x-ray yields
and the resulting two-temperature fits (excluding the highest
energy channel, which has an uncertain calibration).

beam configuration. In the case of shot N091104 (with
only 104-beams) there is a pronounced azimuthal asym-
metry in the laser deposition due to the missing bundle of
beams. Both the more uniform equatorial irradiation for
the 128+4-beam configuration and the asymmetry from
the dropped beams are apparent in the images in Fig. 12,
particularly the second images (t=1.68 and t=1.87 ns for
shots N091012 and N091104, respectively). As time goes
on in the shots, one also sees that the gas-pipe wall ma-
terial blows inward causing a compression of the x-ray
emitting plasma. In the case of shot N091012, the com-
pression is highly symmetrical from both sides of the pipe
in the image. In the case of shot N091104, there is a
stronger compression towards the target’s axis from the
right side of the image that is apparent after t=2.98 ns,
which is due to the greater intensity in the individual

beams heating the target. In the latest-time image for
N091012 (t=3.20 ns), there is a dark band in the middle
of the target which may be due to either the formation of
opposed jets from the target wall that pinch the plasma
into two lobes or due to enhanced radiative cooling due
to enhanced density on axis from the wall compression.

All the above phenomena are well reproduced in our
two-dimensional radiation-hydrodynamic simulations for
the targets. Figure 13 shows a simulated GXD x-ray im-
age at 3 ns for shot N091012 from a post-shot LASNEX
simulation and a measured GXD x-ray image from that
shot at 3 ns. All the major features of the target evolution
are visible in the simulation: the band of uniform laser
illumination around the gas pipe’s equator, the symmet-
ric compression with two leading lobes above and below
the target’s mid-plane, and an enhancement of the x-ray
emission at the interface between ablated wall material
and the heated gas that is due to compressional heating
of the plasma at the interface.

IV. DISCUSSION
A. Supersonic Energy Deposition

Much work has been done in recent years looking at
moderate intensity (l;s 2 10 W/cm?) laser propa-
gation in underdense plasmas. In the work in Refs. 4446
the targets were all solid at room temperature, unlike the
gaseous targets of the present work. The targets were all
doped SiOz aerogels in the few mg/cm?® density range.
SiOq aerogel is an open-cell foam with pore sizes on the
order of 100 nm. To the 351 nm laser of the present work,
there should be little difference in terms of propagating
through the ultra-low-density aerogels and a gaseous tar-
get. For the present work, from the GXD data we find
that the laser has created a multi-keV x-ray emitting
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FIG. 12. (color online) GXD images for two shots, taken from a side-on view on the target chamber’s equator. The detector
was filtered with 35 pm of Ti, which transmits only x rays above the Ti K-edge at =~ 3.5 keV. Drawn in magenta is the outline

of the gas-pipe target in its position before the shot.
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FIG. 13. (color) (left) Simulated GXD x-ray image at 3 ns for shot N091012 from a post-shot LASNEX simulation and (right)
measured GXD x-ray image at 3 ns. Note, the original position of the epoxy gas pipe and the calculated pipe-plasma boundary

at 3 ns are indicated in the left panel.

plasma in the entire target volume by ~ 1.5 ns into the
laser pulse. This means, for the 45° beams, which have a
path length through the plasma of ~2.5 mm, and assum-
ing a constant propagation velocity for the laser-energy
deposition region, then the laser-energy-deposition front
velocity is vgep 2 1.7 mm/ns. This is ~4 times greater
than the plasma adiabatic sound speed, which for the

case that the electrons are hotter than the ions, is
given by ¢, = (YZkTo/M)"* = 9.79x1073 (v2T,/p) =
0.345 mm/ns, where  is the adiabatic index for the gas,
k is Boltzmann’s constant, Z=26.8 for our Ar-Xe mix-

ture at an average electron temperature T. = 2000 eV
(Z, Te both from the LASNEX simulations at ¢ 1.0 ns),



and p = 71.85 is the average ionic mass for our gas mix-
ture in units of proton mass. Here, we have used T, =
2 keV for the electron temperature on axis at the time
during the laser pulse when the ionization front reaches
the gas-pipe wall (¢ < 1.5 ns). This result is consis-
tent with what was observed previously at similar laser
intensities in doped-aerogel targets**. We find, as ex-
pected, that for these x-ray-source development exper-
iments, which are performed with a laser energy that
is more than an order of magnitude larger than what
has been done previously!'®, the same enhanced laser-to-
x-ray conversion efficiency that results from an ioniza-
tion wave propagating supersonically through the target
plasma and heating the entire target’s volume.

B. Emitted X-Ray Power

As discussed in § IIT A, we observe that the x-ray power
emitted from these targets has different temporal char-
acteristics in different spectral bands. The softest x-ray
emission, which comes predominantly from M-shell Xe
ions and from radiation reprocessed by the gas-pipe wall
material, follows the laser power closely, reflecting the
lower ionization energy and faster equilibration time to
produce the emitting Xe ions. The lag in the multi-keV
(>3 keV) signal is due to the greater energy required to
ionize into the L-shell for Xe. We find in our simula-
tions that it is not until after 1 ns that at least 50% of
the target’s volume is at a temperature >3 keV, which
is necessary to produce observable Xe L-shell emission.
Both the soft x-ray component that dominates the tar-
get emission and the multi-keV component peak at ~4 ns
(Fig. 7), which is near the time of the observed maximum
compression of the plasma on axis due to the target wall
material blowing inwards. It is also near the time of
the peak reflected (SRS) laser power (Fig. 9). The x-
ray emission in both M- and L-shell spectral ranges falls
rapidly after the laser pulse, which is due to both the lack
of a heating source and enhanced radiation losses due to
the enhanced plasma electron density that results from
the wall compression. Future experiments that will re-
quire different x-ray waveforms will have to balance both
laser drive sources and the hydrodynamic response of the
target volume in crafting the ultimate x-ray power wave-
form in a specific spectral band.

C. Laser-to-X-Ray Conversion Efficiency

Table III reports the laser-to-x-ray conversion effi-
ciency per unit solid angle, as is measured by the Dante
detector. If one assumes that the >3 keV emission is
isotropic, which we believe to be the case based on con-
sistency seen between the measurements made with the
Dante-1 and Dante-2 systems (cf. Fig. 5), then we find a
CE of 13+1.3% for emission into 4m. Previous measure-
ment by Back et al.'* on the Nova laser found a 10% CE
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into Xe L-shell emission from a 0.8 atm (partial pressure)
Xe target at ~0.1n.,. Further data in Back et al.!® found
isotropic CE’s into Xe L-shell emission ranging from 10—
15% for targets with Xe partial pressures ranging from
1.0 to 2.3 atm. Those experiments used ~18 TW of laser
power to drive their x-ray sources. Thus, for a factor of
four enhancement in laser power, we see comparable to
slightly enhanced laser-to-x-ray CE from our Xe target,
which had a Xe partial pressure of only 0.42 atm and an
electron density of ~0.09n... Applying the trend in CE
with increasing target density (i.e., Xe pressure) seen in
Fig. 5 of Ref.'®, we could expect a further 50% enhance-
ment in >3 keV laser-to-x-ray CE for a 1.2 atm pure Xe
target.

Detailed atomic-kinetics models*” explain the en-
hanced CE in our NIF target (scaled by Xe density) as
simply being due to the higher plasma-electron temper-
atures obtained in the present experiments. Figure 14
shows the calculated radiated power density for a Xe
plasma at an electron density of 102! cm ™2 for all spectral
bands (i.e., integrated over M-, L- and K-shell emission
features), and in the L-spectral band as a function of
plasma electron temperature. It is clear from the figure
that the L-band emission is a strong function of temper-
ature in the range between 1 and 6 keV. The strong M-
shell contribution to the total radiation is rapidly falling
off as the temperature increases, and the L-shell contri-
bution dominates the total radiated power-loss budget
for temperatures greater than ~4 keV. It is estimated
from our LASNEX simulations that for the =~ 70 TW of
laser power used in the present experiments, the volume-
averaged peak plasma-electron temperature in our NIF
targets is =6 keV at ¢ = 4 ns. The vertical lines in the
Fig. 14 indicate the maximum plasma-electron tempera-
ture likely in a small target driven with ~18 TW of laser
power at Omega and the temperature likely achieved in
the present NIF experiments. According to the L-band
curve in Fig. 14, the temperature difference between the
Omega and NIF target plasmas results in an enhance-
ment of ~50% in the L-band radiative cooling rate. It
should be pointed out that the present experiments used
only a modest part of NIF’s capabilities, about 1/5 of the
total energy available, and about 1/10 of the peak laser
power available, to drive a target with 1/2-1/3 the Xe
density and ~ 10x the volume of the targets in Back et
al. ™15 If we were to drive a pure Xe target with 200 TW
of laser power, and using the scaling from Lindl*® for

2/3
plasma electron temperature T, oc I/, we can expect
a 2x increase in the volume-averaged plasma electron
temperature, which brings us into the saturated regime
of the L-shell cooling curve in Fig. 14. Based on these
density-scaling and laser-heating-scaling arguments, we
estimate a maximum laser-to-L-shell-x-ray CE efficiency
for a 1.2 atm Xe target of ~21%. Future experiments are
planned that will heat larger volumes to higher tempera-
tures than was done in the present work and attempt to
demonstrate the validity of this estimate.
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FIG. 14. (color online) Xe radiative-loss cooling curves as a
function of plasma electron temperature for emission across
all spectral ranges, in the L-band (3-7 keV), and the K-band
spectral range (>29 keV). Data provided by private commu-
nication from S. B. Hansen at Sandia National Laboratories.

V. CONCLUSIONS AND FUTURE WORK

In summary, we have confirmed a prediction of en-
hanced CE from laser-driven plasma radiation sources
that are driven with laser power > 70 TW. High-precision
data on the plasma x-ray emission, the plasma heating,
and the dynamics of the laser target during the experi-
ment were taken. The agreement between the measured
and predicted x-ray yields in Table III, the measured
and predicted spectral shift of scattered laser light in
Sec. III B and the measured and simulated hydrodynam-
ics of our x-ray-source targets in Fig. 13 give us high
confidence in our ability to predict the x-ray yield, laser
coupling and target heating, and x-ray-power histories
for future experiments. However, many open questions
remain. In the present experiments, we used ~ 1/5 of
NIF’s available energy and delivered ~ 72 TW of laser
power to target. It remains to be seen how efficient we
can make this x-ray source with greater laser energy and
power. Further, previous calculations®® for K-shell Kr
emission at 13 keV have seen an equally striking im-
provement in the laser-to-x-ray CE for NIF-scale tar-
gets at NIF-scale temperatures; nearly all applications
for bright x-ray sources benefit from higher photon en-
ergies in the source output. It is unknown whether we
could get an efficient conversion of NIF laser energy into
K-shell Xe x-rays at 30 keV (see Fig. 14, but it is an inves-
tigation worth pursuing). For certain applications, such
as the study of x-ray driven electromagnetic phenom-
ena, or radiography of high-density objects, high-energy,
deeply penetrating x-ray photons are required. In ad-
dition to the K-shell Kr and Xe sources, x-ray sources
at other energies need to be developed; for example,
pre-exploded metal foils??23, foil-lined cylinders?*, metal
nano-fiber low-density targets?', and metal-doped aero-
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gel materials?? are all candidates for highly efficient x-
ray sources. In conclusion, an enormous expanse of x-ray
source development activities exist, now that an unex-
plored regime of laser energy and power is available at
the NIF.
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